Engineering defects and strains in oxides provides a promising route for the quest of thin film materials with coexisting ferroic orders, multiferroics, with efficient magnetoelectric coupling at room temperature. Precise control of the strain gradient would enable custom tailoring of the multiferroic properties, but presently remains challenging. Here we explore the existence of a polar-graded state in epitaxially-strained antiferromagnetic SrMnO 3 thin films, whose polar nature was predicted theoretically, and recently demonstrated experimentally. By means of aberration-corrected scanning transmission electron microscopy we map the polar rotation of the ferroelectric polarization at atomic resolution, both far from and near the domain walls and find flexoelectricity resulting from vertical strain gradients. The origin of this particular strain state is a gradual distribution of oxygen vacancies across the film thickness, according to electron energy loss spectroscopy. Herein we present a chemistry-mediated route to induce polar rotations in oxygen-deficient multiferroic films, resulting in flexoelectric polar rotations and with potentially enhanced piezoelectricity. KEYWORDS: Multiferroics, ferroelectricity, flexoelectricity, aberration-corrected STEM, domain walls. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Recently, the coupling between strain gradients and polarization, known as flexoelectricity 15 , has been analyzed intensely due to its remarkable contribution to the polarization and permittivity of inhomogeneously strained ferroelectrics [16] [17] [18] [19] [20] [21] . The most dramatic manifestations of flexoelectricity have been reported in thin films, as it is an inherently size-dependent 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 5 phenomenon where strain gradients are inversely proportional to size 19, 20, 22 . Interestingly, in contrast to piezoelectricity, flexoelectricity is a universal effect due to the relaxed restriction on crystal symmetry and might emerge even in centrosymmetric crystals 17 , where the inversion symmetry is disrupted by the strain gradient.
TEXT
Multiferroic materials have attracted great interest recently because of their intriguing fundamental physics and the wide range of potential applications such as transducers and information storage [1] [2] [3] . Of particular technological impact is the search for materials showing efficient coupling between ferromagnetic and ferroelectric orders that persist at room temperature. Manganese-based perovskite oxides AMnO 3 , A being an alkaline-earth cation, are particularly promising for this purpose; theoretical calculations reveal the onset of a ferroelectric ground state with strong magnetoelectric coupling since the spontaneous polarization is expected to be driven by the off-centering of the magnetic Mn 4+ ion 4, 5 . The ferroelectric instability is predicted to increase by expansion of the lattice and, in turn, strain-induced ferroelectricity was experimentally demonstrated in Ba-substituted SrMnO 3 single crystals, in which chemical expansion of the crystal lattice is caused by partially replacing Sr with larger Ba ions 6 .
Alternatively, strains can be induced into films through the use of epitaxial growth and can be utilized to modify the ferroelectric film properties by an adequate choice of the substrate [7] [8] [9] . In particular, strain-engineering of multiferroism has opened a path for the exploration of new phases with improved properties compared to their bulk parents [10] [11] [12] [13] [14] , e.g. the emergence of a ferroelectric-ferromagnetic state in EuTiO 3 (ref. 14) , the occurrence of incipient ferroelectricity in highly strained CaMnO 3 Recently, the coupling between strain gradients and polarization, known as flexoelectricity 15 ,
has been analyzed intensely due to its remarkable contribution to the polarization and permittivity of inhomogeneously strained ferroelectrics [16] [17] [18] [19] [20] [21] . The most dramatic manifestations of flexoelectricity have been reported in thin films, as it is an inherently size-dependent 5 phenomenon where strain gradients are inversely proportional to size 19, 20, 22 . Interestingly, in contrast to piezoelectricity, flexoelectricity is a universal effect due to the relaxed restriction on crystal symmetry and might emerge even in centrosymmetric crystals 17 , where the inversion symmetry is disrupted by the strain gradient.
Local strain gradients are common in complex materials. In dislocation-free epitaxial films, the strain is usually relieved by changing the system symmetry 23, 24 or through the formation of ferroelastic domains 25 . Large flexoelectric polarizations have been reported for dislocation-free but ferroelastically twinned films with large elastic strain gradients causing a rotation of the polarization 21 ; in this case, the flexoelectric polarization were comparable to the spontaneous polarization of archetypal ferroelectrics evidencing that strain-engineered polar rotations can be an alternative pathway to enhancing piezoelectricity via the generation of ferroelectrics with tailored polarization 26, 27 .
In the present work, we focus on the precise structural analysis of the polar state in (001)-oriented epitaxial SrMnO 3 (SMO) thin films previously predicted 13 , and recently demonstrated 28 to turn into ferroelectric state under epitaxial strain developing domains with in-plane polarization along the 〈110〉 axes. Aberration-corrected scanning transmission electron microscopy (STEM) and the combination of annular bright-field (ABF) with high angle annular dark-field (HAADF) are used to image both light (O) and heavy (Sr and Mn) elements [29] [30] [31] [32] in the polar structure and investigate, at the atomic scale level, cation-oxygen dipole distortion far from and near to the walls between domains. Local deformation analyses reveal a particular strain state where flexoelectricity, due to 〈001〉 strain gradients, induce a gradual rotation of the inplane 〈110〉 electric polarization. We argue that the strain-induced polar gradient is associated with the gradual distribution of point defects in the form of oxygen vacancies, opening new 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   6 pathways for the generation of new chemistry-mediated functional multiferroic materials with custom-designed polarization orientation and enhanced piezoelectric properties.
10 nm thick films of single-phase SrMnO 3 were grown by pulsed laser deposition on top of (001)-oriented (LaAlO 3 ) 0.3 (Sr 2 AlTaO 6 ) 0.7 (LSAT). LSAT substrate is used to induce a nominal in-plane epitaxial strain value of +1.68% to the film with respect to bulk SMO. Figure 1a is a representative Z-contrast HAADF-STEM cross-sectional image of an SMO film viewed along the 〈110〉 direction showing the high crystalline quality of the films and the absence of defects.
Geometrical Phase Analysis (GPA) 33 , which is an efficient method to measure lattice deformation from high-resolution images (Figure 1a) , evidences that the film grows fully coherent along the in-plane direction, with the same lattice parameter a as the substrate reference (Figure 1b) . However, the out-of-plane deformation map, Figure 1c , reveals that the film undergoes a vertical compressive strain gradient reflecting that the film presents a tetragonal structure (c/a < 1) with increasing tetragonality towards the upper layers. Here, the out-of-plane lattice parameter c decreases from a deformation value of -0.5±0.3% near the substrate interface to -1.6±0.3% in the upper layers relative to the substrate reference (a LSAT =0.3869 nm), i.e. c~0.3807 nm, which corresponds to +0.1% with respect to bulk SMO (a bulk =0.3805 nm) (see ref.
34) . The drop of the deformation values in the last unit cells near the surface is due to damage caused by the sample preparation. Notice that SMO at the interface presents a deformation of +3.5±0.6%. This tensile deformation is localized at the very first layer of the SMO film due to distributed substrate steps at the interface. This is highlighted in the inset of Figure 1a , a close up image of the interface, where the Ta columns (brightest columns) from the LSAT structure are overlapped with Mn columns in the first Mn-O plane. implies an intriguing strain-relief mechanism. Furthermore, the GPA analysis shows a particular strain state where the cell volume gradually lowers away from the interface and tetragonality increases. Generally, it is assumed that epitaxial strain is accommodated mainly by changes in the intrinsic lattice constants or structural distortions such as changing internal bond lengths or octahedral tilting in perovskites. However, for certain tensile strain values, point defect formation is also a likely strain-relaxation mechanism; it has previously been predicted that tensile strain lowers the oxygen vacancy formation energy in biaxially strained CaMnO 3 35 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13 tetragonally-distorted ferroelectrics [40] [41] [42] . Therefore we can estimate the flexoelectricity and its effect in the modulus and angle of the spontaneous polarization. Figure 4a shows P x (ferro) and P z (flexo) polarization components and modulus and angle of P s as a function of the distance from the interface calculated on the basis of the determined atomic displacements shown in Figure 3 and the born effective charge (BCP) values of ions for the strained isoelectronic CaMnO 3 given in ref. 4 . As shown, while P z scales from 30 to 55 µC/cm 2 , the maximum value of the modulus of P x is about 65 µC/cm 2 in the center of the film. The large vertical flexoelectric polarization will cause the spontaneous polarization vector to rotate, as shown schematically in Figure 4b ; taking an average P z ~ 45 µC/cm 2 and P x = 35-65 µC/cm 2 this results in a polar rotation angle of 30º-50º (Figure 4a) . Furthermore, knowing the strain state from the GPA analysis (Figure 1) , the flexoelectric coefficient can be also determined. Given an out-of-plane strain difference ∆ε~0.01 between the interface and the maximum deformation value over a relaxation length t~8 nm, a strain gradient of 1.25x10 6 m -1 is obtained, which is 6 times larger than the values reported for bulk solids (typically in the order of 0.1 m -1 ) and an order of magnitude larger than the gradients reported for HoMnO 3 epitaxial thin films with giant flexoelectricity 19 . Then, the longitudinal flexoelectric coefficient should be about µ=P z(flexo) /(∆ε/t) ≈ 400 nC/m. Notice that this number is much higher than the few nC/m measured in SrTiO 3 single crystals and ceramics 17, 43 , an order of magnitude lower than that of the few µC/m measured in bulk lead-based ferroelectrics 16 and far from the several µC/m in BaSrTiO 3 ceramics 44 . Nevertheless, both flexoelectric coefficient and polarization are estimated from the BECs given for another compound and real calculations out of a strain-graded oxygendeficient SMO system are needed to provide more reliable values. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 15 squared area. The resulting displacement maps are displayed in Figure 5b . On the basis of the displacement maps, the polarization components P x(ferro) and P z(flexo) , and the modulus and angle of P s , Figure 5c , were again calculated using the same procedure described in Figure 5f . The Mn inversion is accompanied by a shift of the oxygen to values close to its centrosymmetric position. As shown in the polarization maps, the right hand side domain presents a decreased polarization being the maximum value of P x and P s up to 40 and 60 µC/cm 2 , respectively. This reduced polarization is strictly correlated to its different polar structure since the polar distortion appears to be mainly driven by the Mn displacement. Although these low-polar state domains are frequently seen in these samples, its nature still remains unknown. The corresponding charge dipoles will define the direction of the vector of spontaneous polarization. Since P z is constant along the in-plane direction and P x decreases, the larger flexoelectric polarization induces a rotation of the in-plane polarization of about ~ 15º, as shown in the angle map in Figure 5c and sketched in Figure 5f .
The presence of extended domain walls in ferroelectric materials has been a matter of intense debate. Recent works reported domain-wall thickness differences between charged an uncharged 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 16 ferroelectric-180º and ferroelastic-90º walls quantitatively measured at the atomic scale in epitaxial PbTiO 3 thin films 41, 42 , in which the strong depolarizing field of the head-to-head dipoles is stabilized by distributing the polarization charge over an extended thickness 41, 45 . However, in multiferroic materials domain walls are generally thicker than in normal ferroelectrics which may depend on the degree of coupling and correlation length between the two ferroic orders 11, [46] [47] [48] . Herein, moreover, high-polar and low-polar state domains can interact together with the presence of in-plane and out-of-plane polarization gradients. In order for this configuration to be stable, the polarization discontinuities may be screened by the presence of charged defects, such as the ubiquitous oxygen vacancies in such films localized at domain walls 28 , accommodating the locally different symmetry. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 To conclude, our findings show a chemistry-mediated route to induce polar rotations in polargraded SMO multiferroic thin films. Strain-gradient engineering through the formation of oxygen vacancies generates a 〈001〉 flexoelectric component that rotates the in-plane 〈110〉 ferroelectric polarization. Since polar rotations are thought to explain the giant piezoelectric response in morphotrophic phase boundary ferroelectrics 26, 27 , this mechanism may provide an alternative strategy to design materials with high piezoelectric efficiency in multiferroic materials. Moreover, the observed thickness dependence on the polar gradient evidences that film thickness may tailor oxygen vacancies distribution and thus strain. Furthermore, regarding multiferroicity, the interplay between flexoelectricity and another order parameter coupling, for 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47 
